The Atlantic Iberian brown trout is at the southwestern limit of its distribution. At this ecological edge, which was once a glacial refugia, anadromy becomes less common as increased water temperatures restricted populations closer to the headwaters. We examined 847 individuals from 20 populations from throughout this region and assessed spatial genetic structure using 11 protein and four microsatellite loci. The higher levels of heterozygosity and allelic diversity north of the southernmost limit of anadromy (SLA), as well as an isolation-by-distance model of population structure, likely influenced by the anadromous forms, suggest that more stable demographic conditions existed over time in this region. Populations south of the SLA were highly differentiated given the restricted size of the area (protein F ST 5 0.16 in the north and 0.63 in the south of the SLA; microsatellite F ST 5 0.18 in the north and 0.70 in the south of the SLA). The low levels of heterozygosity and the pattern of southward allele depletion in resident populations is indicative of fragmentation, caused by stressful ecological conditions that reduced the anadromy (restricting gene flow) and the effective population sizes (higher genetic drift), which, in combination, dramatically decreased within-population genetic variation and increased among-population genetic variation. The higher gene diversity north of the SLA does not reflect ancestry but rather the signature of a population size expansion, as evidence suggest the persistence of older populations (with several private alleles) south of the SLA. These data support a scenario that demonstrates how contemporary events (critical ecological conditions) can moderate historical influences, suggesting that careful interpretation of the evolutionary history of glacial refugia is necessary, especially where populations persisted for a long time but not always with optimal ecological conditions. These peripheral populations are of high conservation value and should be preserved to help conserve the future potential of the species.
extinction (e.g., García-Ramos and Kirkpatrick 1997; Lesica and Allendorf 1995) . A recent study has challenged this view that peripheral populations are demographically impaired and will likely go extinct. The reasoning is that such populations experience fewer extirpations than core populations because of range contractions that are difficult to discern from recent distributions and immigration rates (Channell and Lomolino 2000) . Empirical evidence supporting the hypothesis that peripheral populations are always depleted of neutral genetic variation is also ambiguous (e.g., Garner et al. 2004; Lammi et al. 1999) . Contraction of a species range is a common occurrence in today's global environment, but it is important to distinguish whether low genetic diversity in remnant populations is best explained by recent bottlenecks or by a long-term peripheral persistence (historical small populations) (Hoffman and Blouin 2004) . Further empirical studies are required to resolve these issues and to provide a more thorough understanding of the evolution of peripheral populations in general.
Here the spatial genetic variation of Atlantic Iberian brown trout populations is investigated with the explicit purpose of determining the relative influence of distinct lifehistory strategies and contemporary (e.g., critical ecological conditions that limit anadromy) and historical (e.g., glacial refugia) factors on the evolution of peripheral populations. Native from Eurasia and North Africa, the brown trout shows, in general, medium to strong genetic differentiation among populations, resulting from the influence of multiple factors, namely, the physical characteristics of different hydrographic systems, the effect of the last glaciations, and local differentiation without barriers due to homing behavior (Laikre et al. 1999 ). In the Iberian Peninsula, brown trout have persisted since 1.2-1.6 million years ago (MYA) (Suárez et al. 2001) , and populations from Atlantic and Mediterranean drainages have distinct patterns of nuclear and mitochondrial DNA (mtDNA) variation (e.g., Antunes et al. 1999; García-Marín et al. 1999; Machordom et al. 2000) . The Atlantic Iberian brown trout resides at the southernmost limit of anadromy (SLA) (the Lima basin, just south of the 42°N parallel; SNPRCN 1991) and at the southwestern limit of the species' distribution ( Figure 1) . North of the 42°N parallel, perhaps because of the prevalence of anadromy, populations show a pattern of being isolated from each other mostly by distance (Bouza et al. 1999; Hansen and Mensberg 1998; Morán et al. 1995) . By contrast, a preliminary study of the mtDNA genetic structure south of the SLA suggested that these populations were very unique and isolated but that a more complete study was required. South of the SLA, only the resident life history persists as increased temperatures restrict populations to upstream regions, significantly reducing their effective size and migratory potential (García-Marín and Pla 1996; Hamilton et al. 1989) . How population genetics is influenced by the ecological differences occurring north and south of the SLA requires a deeper evaluation. Two distinct hypotheses could have conceivable affected spatial population genetics in this region: (I) a recent differentiation of southern populations after postglacial expansion from the north or (II) the persistence of very old lineages south of the SLA. Unraveling the evolutionary history of species inhabiting glacial refugia is not as easy as for those that were established postglacially as recent studies in several Iberian organisms show that populations can have complex evolutionary histories, with ''refugia within refugia'' (reviewed in Gómez and Lunt in press) .
The long-term persistence of brown trout in Iberia, as well as the presence of two distinct life histories in what was once a Pleistocene refugia but is now a peripheral portion of the species distribution, provides an excellent system with which to test the relative influence of life-history strategy and contemporary and historic factors on population genetics. In this study, we analyze the amount and distribution of genetic diversity in the Atlantic Iberian brown trout using protein and microsatellite loci to (1) examine how dispersal ability (resident versus anadromous life history) influences population differentiation, (2) recreate the evolutionary history of these peripheral populations, and (3) assess their conservation value.
Materials and Methods

Study Site and Sampling
Twenty brown trout populations were sampled by electrofishing between 1995 and 2000 (N 5 847). The samples cover five basins in Spain (Cantabric region) and eight of the major basins in Portugal with brown trout (Table 1, Figure 1A ). Eleven of these populations, located north of the SLA, have the anadromous life history, and the nine populations to the south are resident. Low densities in some more isolated populations limited sample collection.
Protein Analysis
Blood, muscle, liver, and eye tissues were collected and prepared as described in Antunes et al. (1999) . Fifteen polymorphic loci were identified from a screening of electrophoretic variation in 35 protein loci (34 allozyme and 1 plasma protein) in native and nonnative hatchery stocks of brown trout: creatine kinase (CK-A1*; EC 2.7.3.2.), glycerol-3-phosphate dehydrogenase (G3PDH-2*; EC 1.1.1.8), glucose-6-phosphate isomerase (GPI-A*, GPI-B1*, GPI-B2*; EC 5.3.1.9), isocitrate dehydrogenase (IDHP-1*; EC 1.1.1.42), L-lactacte dehydrogenase (LDH-C *; EC 1.1.1.27), malate dehydrogenase (sMDH-A2, sMDH-B1, sMDH-B2; EC 1.1.1.37), mannose-6-phosphate isomerase (MPI-2*; EC 5.3.1.8), tripeptide aminopeptidase (PEPB*; EC 3.4.11.4), leucyl-tyrosine peptidase (PEPLT *; EC 3.4._._), phosphoglucomutase (PGM-1*; EC 5.4.2.2), and transferrin (TF *). These loci were scored in the 20 populations using starch-gel electrophoresis and isoelectric focusing as described by García-Marín et al. (1991) and Antunes (2001) . To restrict our analyses to individuals from the native gene pool, we identified those of hatchery origin using a set of diagnostic (LDH-C *) and highly discriminative (G3PDH-2*, GPI-A1*, IDHP-1*, sMDH-A2*, and sMDH-B1*) allozyme loci (e.g., Antunes et al. 2001) . Eight fish (detected in Cancienes) with the LDH-C *90/90 genotype were removed as this allele is not found in fish native to Iberia and it is usually fixed in commercially available hatchery strains (García-Marín et al. 1991) . No heterozygote LDH-C *90/100 was observed in the wild (F IS 5 þ1, P , .01), suggesting a low to nonexistent level of introgression in all populations analyzed, as previously suggested for many Atlantic Iberia populations (e.g., Antunes et al. 2001; Morán et al. 1991) .
Microsatellite Analysis
A subset of 11 populations was selected (four north and seven south of the SLA; Table 1 ) for microsatellite analysis. Extended number of populations south of the SLA were chosen because they showed high protein allele heterogeneity, and a refined genetic characterization would be achieved with more loci analyzed. The polymerase chain reaction amplification of four dinucleotide microsatellite loci: BS-131*, Str-85*, Str-543*, and Str-591*, followed the conditions described in Presa and Guyomard (1996) and Estoup et al. (1998) . The resulting products were electrophoresed in a 7% denaturing polyacrylamide gel and visualized by autoradiography (after amplification with one primer end labeled with c-33 P) or silver staining. Allele sizes were determined by comparison to a standard base-pair size ladder.
Statistical Analyses
GENETIX 4.02 (Belkir et al. 1999) , GENEPOP 3.3 (Raymond and Rousset 1995) , and MICROSAT (Minch et al. 1995) were used to (1) estimate the percentage of polymorphic loci (P 95 ), number of alleles per locus (A ), variance (V ) and expected heterozygosity (H E ); (2) assess deviations from Hardy-Weinberg (HW) expectations; and (3) estimate the inbreeding coefficient (F IS ) of Weir and Cockerham (1984) .
Patterns of gene flow and divergence among populations were described using a variety of tests. First, the chord genetic distance (D CE ) of Cavalli-Sforza and Edwards (1967) was used to quantify divergence among populations as its use generally leads to a higher probability of depicting the Table 1 ). SLA denotes the current southern limit of anadromy (Lima basin). Populations 1-11 and 12-20 are located north and south of the SLA, respectively. The shaded area is a schematic representation of the current distribution of the brown trout in the Iberian Peninsula. Pie charts represent allele frequencies for two of the most discriminative protein loci: the CK-A1* (on the left, white for CK-A1*100 and black for CK-A1*115) and the PEPLT * (on the right, white for PEPLT*100 and hatched for PEPLT*70). The CK-A1*100 decreased in a clinal fashion southward, a trend that is further supported by GPI-B2*135 and MPI-2*105. Populations south of the SLA showed high frequencies of PEPLT *70 and TF*95, which were absent or less frequent in the north. (B) Schematic representation of the relative allelic frequencies for two of the four microsatellite loci surveyed in the subset of 11 population (see Materials and Methods for details). Circles represent distinct alleles, and their areas are directly proportional to their relative frequencies. The Str-591* is the most discriminative locus, and BS-131* provides a strong distinction in the modes of allelic size distribution north and south of the SLA.
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correct tree topology among closely related populations under either infinite-allele mutation model (Kimura and Crow 1964) or stepwise mutation model (SMM; Ohta and Kimura 1973) assumptions Takezaki and Nei 1996) . Neighbor-joining (NJ) analyses implementing the D CE were estimated in PHYLIP 3.6 (Felsenstein 1993) , and the tree topology support was assessed by bootstrap (100 iterations). Second, the difference in average H E and A was compared between the populations north and south of the SLA using the one-sided test in FSTAT 2.9.3.2 (Goudet 1995) , which allows to assess the significance of the statistic OS x using a permutation scheme (1,000 randomizations). Third, to test the significance of the total genetic variance, we conducted hierarchical analyses of molecular variance (AMOVA; Excoffier et al. 1992 ) using ARLEQUIN 2.0 (Schneider et al. 1997) . Total genetic variation was partitioned to compare the amount of difference between regions north and south of the SLA, among populations within each region, and within populations. Fourth, the equilibrium between drift and gene flow was tested using the method of Hutchison and Templeton (1999) . Assuming a stepping stone model of migration where gene flow is more likely between adjacent populations, one can reject the null hypothesis that populations in a region are at equilibrium if (1) there is a nonsignificant association between genetic and geographic distances and/or (2) a scatterplot of the genetic and geographic distances fails to reveal a positive and monotonic relationship over all distance values of a region (Hutchison and Templeton 1999) . Pairwise F ST measures of Weir and Cockerham (1984) were calculated using FSTAT, and geographic riverine distances among populations were measured following the length of the river. A Mantel (1967) test was used to assign an estimate of 95% upper tail probability for each matrix correlation. After testing for the gene flow/drift equilibrium, regional F ST estimates can be properly related with gene flow and drift via the approximation equation F ST % 1=ð1 þ 4N e mÞ (N e m, absolute number of migrants per generation; Wright 1969) .
Because peripheral populations are likely to be influenced by different regimens in natural selection due to their persistence in ecological marginal or stressful conditions, caution should be taken when estimating population history and demography to avoid bias caused by loci under selection (Luikart et al. 2003) . The difference between the mean divergence (F ST ) obtained from different types of markers (e.g., protein versus microsatellites) was evaluated as referred in Allendorf and Seeb (2000) using a modification of the Lewontin and Krakauer (1973) test developed by Pogson et al. (1995) :
where n is the number of populations. The demographic history of populations was compared using a variety of estimators. First, the occurrence of recent bottlenecks was evaluated using the method of Cornuet and Luikart (1996) in BOTTLENECK (Piry et al. 1999 ). This approach, which exploits the fact that rare alleles are generally lost first through genetic drift after reduction in population size, employs the Wilcoxon signed-ranks test. The qualitative descriptor of the allele frequency distribution, the mode-shift indicator, was also estimated, although it may not perform as well with sample sizes of less than 30 individuals (Luikart and Cornuet 1998) . Second, to detect bottlenecks with microsatellite data, we also used the method of Garza and Williamson (2001) , which is based on the mean ratio of the number of alleles to the range in allele size (M ). After a bottleneck, the reduction in population size is expected to lead to a reduction in the number of alleles faster than a reduction in the range of allele size. The critical value of M (M c ), below which one can assume that a population has experienced a recent reduction in size, was estimated using the program available at http://www.santacruz.nmfs.noaa.gov/staff/carlos_garza/ software.php.
Results
Protein Variation
Protein allele frequencies and measures of the genetic variability were estimated in the 20 populations (Table 1, Table A1 ). No significant deviation from HW expectations was observed. The allelic distribution showed important population differences, in particular at the CK-A1*, PEPLT *, and TF * loci ( Figure 1A ; Table A1 ; see also Table 2 ). The frequency of CK-A1*100 decreased in a clinal fashion southward (except in the isolated population of Caima), a trend that is further supported by GPI-B2*135 and MPI-2*105. Populations in drainages between the Cávado and Douro basins were characterized by a moderate to complete fixation (0.42-1) of PEPLT *70 that was otherwise detected at a frequency below 0.25. The TF *95, only observed in populations from Portugal, shows a very heterogeneous distribution from absence to fixation (increased frequencies in more headwater locations). Heterogeneity increases southward with significantly lower levels of genetic diversity and allelic richness (average H E 5 0.168 and 0.056, P , .01 and average A 5 1.7 and 1.3, P , .01, respectively, north and south of the SLA). Multilocus F ST estimates among populations were greater south of the SLA (0.63) than to the north (0.16) ( Table 2 ). An overall weak but highly significant differentiation north versus south of the SLA was revealed by the AMOVA for protein loci (Table 3) . However, most of the genetic variation was found within populations and among populations within groups. The NJ tree ( Figure 2 ) depicted a north-south gradient of genetic divergence, which is influenced by the southward decrease in genetic variability. Moreover, the long branch lengths in populations south of the SLA reflect higher divergence with mosaic patterns of differentiation. The above waterfall Caima population is clustered with locations where anadromy occurs, mainly as a result of their fixation for CK-A1*100.
Microsatellite Variation
Microsatellite allele frequencies and measures of genetic variability varied widely among the subset of 11 populations (Table 1; Table A2 ). The number of alleles at all loci was always less than half the number of individuals genotyped in each population, suggesting that the majority of the alleles were sampled. Significant deviation from HW expectations was found in one case (a homozygous excess in Tenente for BS-131*, F IS 5 0.519, P .05). Nonetheless, all populations were in HW equilibrium. Loci often exhibited disjunct allelic size distributions, with nonoverlapping size classes that in some cases differed by several base pairs ( Figure 1B ). An exception was observed at the BS-131* locus for Manco and Vade at the north of the SLA, where the range of allele size distribution was almost continuous. The difference in the mode of allelic size distribution between populations increased from north to south, along with a decrease in the allele number and variance (V north of the SLA 5 5.2 versus V south of the SLA 5 3.7). Microsatellites are much more sensitive indicators of recent loss of genetic variation within populations because they generally have more alleles than proteins. However, proteins with extended polymorphism should provide comparable levels of resolution [e.g., the highly polymorphic plasma protein (PX *), with seven alleles observed in Portuguese populations , showed a pronounced decrease in the H E and A, from the north to the south of the SLA]. Private alleles were detected at all loci. Dobra had five unique alleles; Meras, Manco, Sabor, and Tenente had two private alleles each; and Cávado and Zêzere had one each. Patterns of genetic variation showed significantly lower levels of genetic diversity and allelic richness southward (average H E 5 0.508 and 0.252, P , .01 and average A 5 5.2 and 2.1, P , .01, north and south of the SLA, respectively). Multilocus F ST estimates among populations were much larger south of the SLA than to the north (0.70 versus 0.18; Table 2 ). The AMOVA for microsatellite loci showed that most of the genetic differences were found within populations and among populations within groups (Table 3 ). The population structure between regions north and south of the SLA was weak and nonsignificant. The NJ tree (Figure 3) showed that collections located north of the SLA were slightly differentiated, while those southward of that limit were much more divergent and had more variable branch lengths.
Overall Multilocus Genetic Structure
Comparison of multilocus F ST for populations analyzed both with proteins and microsatellites was not significant (v 2 5 12.33, df 5 10, P . .25) among all populations or among populations either north or south of the SLA (v 2 5 3.59, df 5 3, P . .25 and v 2 5 6.58, df 5 6, P . .25, respectively). Thus, the genetic divergence among populations does not seem to be significantly biased by outlier loci or by differences between modes of evolution of the two types of markers.
Causal Hypotheses for the Distribution of Genetic Variability
There was a significant relationship between riverine distance and protein F ST (Pearson's correlation r 5 .318, P 5 .012; Figure 4 ), but the null hypothesis of regional equilibrium was rejected because of inconsistent patterns across broader north-south geographic distances. This may be because the relative roles of gene flow and drift differ with the degree of geographic separation between populations to the north and south of the SLA (despite the maximal riverine distance among populations within each group being similar, 700 and 712 km, respectively). In fact, for populations north of the SLA, the scatterplot clearly shows a significant positive and monotonic correlation across all the pairwise comparisons ( y 5 0.056 þ 2.973 Â 10 ÿ4 x; r 5 .678, P 5 .019; Figure 4 ) consistent with isolation-by-distance across the sampled region (case-I pattern from Hutchison and Templeton 1999) . No significant association was observed for populations south of the SLA (r 5 .425, P 5 .075; Figure 4 ), although the region was similar in size. The pattern of the populations south of the SLA reflects restricted gene flow (case-III pattern from Hutchison and Templeton 1999) . No significant association was observed between riverine distance and microsatellite F ST for all populations analyzed (r 5 .044, P 5 .428) or considering only populations north or south of the SLA (r 5 .381, P 5 .338 and r 5 .154, P 5 .415, respectively). This could be because fewer populations were surveyed for microsatellite loci. By way of comparison, there was also no significant relationship between riverine distance and protein F ST for the subset of 11 populations (r 5 .164, P 5 .230) or for those within the subset located north of the SLA (r 5 .416, P 5 .459). Similar results were also obtained when considering both protein and microsatellite data for the subset of 11 populations (r 5 .088, P 5 .358) or for those within the subset located north or south of the SLA (r 5 .430, P 5 .459 and r 5 .321, P 5 .271, respectively).
Evidence for Population Bottlenecks
The reduced values of H E , A, and P 95 southward provided strong support for severe and recurrent reductions in population size, as did other statistical tests. The Wilcoxon tests for protein data indicated significant departures from mutation-drift equilibrium only in Ferrerias (P 5 .031), but the mode-shift indicator suggested that recent bottlenecks occurred in most populations (Meras, Cancienes, Ferrerias, Ponga, Manco, Coura, Trovela, Tenente, Tuela, Vouga, and Mondego). In Caima, such tests were not performed because all protein loci were monomorphic. For the microsatellite data, all Wilcoxon tests were nonsignificant and the mode-shift indicator revealed recent bottlenecks only However, M values south of the SLA are overestimated because the method is unable to recover information from monomorphic loci despite the fact that small populations are more likely to have more monomorphic loci (these loci were often highly variable in populations north of the SLA).
Estimates of M would also be inflated if populations have been at small sizes for long periods of time, and monomorphic loci may have become polymorphic by one-step mutations (after an SMM), giving the newly polymorphic loci a value of M 5 1 and increasing substantially the average M for these populations (e.g., BS-131* and Str-85* in Ave and Vouga, respectively). Therefore, significant statistical support may be difficult to obtain for populations that have been historically small, a fact that is further exacerbated by the reduced number of microsatellite loci that were surveyed. However, as suggested by simulation studies (Garza and Williamson 2001) , while the value of M will at least partially recover in permanently small populations, the allelic diversity does not (A north of the SLA 5 5.2 versus A south of the SLA 5 2.1).
Discussion
Unraveling the Relative Influence of Historical and Contemporary Factors on Genetic Variation
During the last ice age, which lasted until 18,000 years ago, the Iberian Peninsula retained a relatively high diversity of habitats (Huntley and Birks 1983) . The greater influence of glaciations in the north of Iberia may have led to additional, more-restricted subrefugia in the southern or coastal areas, permitting some species to expand northward with the amelioration of climatic conditions. This scenario, which has been documented in several Iberian organisms including salamanders , lizards (Paulo et al. 2001) , and rabbits (Branco et al. 2002) , is generally supported by an increase in heterozygosity and allelic diversity from the north to the south of Iberia. However, the genetic variation pattern of Atlantic Iberian brown trout is unusually distinct, with heterozygosity and mean number of alleles decreasing dramatically from north to south and a strong genetic differentiation north and south of the SLA (Table 1 and 2). This is conceivable through two distinct hypotheses: (I) a recent differentiation of southern populations after postglacial recolonization from the north or (II) the persistence of very old but genetically eroded lineages in the south. The higher levels of heterozygosity north of the SLA and the wider distribution of microsatellite allele sizes suggest more stable demographic conditions in this region. Additionally, populations show an isolation-by-distance pattern of genetic variation, which has often been observed in populations that were able to persist more continuously through glacial periods, thus favoring hypothesis I. In fact, in areas where the eastern collared lizard (Crotaphytus collaris collaris) survived glacial periods in North America, populations were in drift-migration equilibrium, unlike those areas that were only inhabited postglacially (Hutchison and Templeton 1999) . A similar phenomenon was observed in bull trout (Salvelinus confluentus) populations in British Columbia (Costello et al. 2003) . Anadromy north of the SLA has likely contributed to the observed pattern of isolation-by-distance, as has been suggested previously for brown trout at northern latitudes (e.g., Bouza et al. 1999; Hansen and Mensberg 1998; Morán et al. 1995) . Anadromy may also be the cause of some gene flow to the south, as indicated by the clinal decrease in frequency of CK-A1*100, partially supported also by the decrease of GPI-B2*135, MPI-2*105, and Str-591*150. Contemporary gene flow is probably rare near this southern edge as anadromy appears to be receding northward (a few decades ago migratory trout were still observed south of the current Lima basin limit). However, as a cold-water-dependent organism, the brown trout certainly experienced anadromy further south during glacial periods (Hamilton et al. 1989 ). Most of the populations south of the SLA do not show evidence of colonization from the north. However, other studies based on protein (Bouza et al. 2001; Sanz et al. 2000) and mtDNA variation (Machordom et al. 2000; Suárez et al. 2001 ) documented mainland populations in Douro and Tejo basins that are related to the northern Spain (Cantabric-Galician) brown trout, suggesting the existence of secondary contact zones between allopatric groups after colonization events from the north. Sanz et al. (2000) proposed that the higher gene diversity in the northern Spain group and the evidence of their expansion southward would be indicative of their ancestry to others in Atlantic Iberia, and thus, supporting hypothesis I.
Nevertheless, a region's diversity does not necessarily reflect the age of the population but rather could reflect its historical population size expansion (Templeton 1993) . In fact, several aspects of our results strongly support hypothesis II (persistence of older lineages in the south) instead of hypothesis I. First, some protein alleles are fixed or at high frequencies south of the SLA but are mostly absent in the northern Spain populations (e.g., PEPLT *70 and TF*95 in this study; and also sMDH-B1 and sMDH-B2*75 in the Douro basin and the aMAN*90 in the Tejo basin; Bouza et al. 2001; García-Marín and Pla 1996; Sanz et al. 2000) , which is indicative of relic populations south of the SLA. Second, based on the TF gene genealogy (Antunes et al. 2002) , TF*100 (fixed in most Atlantic populations) has a recent ancestry relative to TF*95, which arose from an earlier colonization of the Atlantic drainages from the Mediterranean region. Third, the high U ST value (0.76) for mtDNA variation in the region is largely influenced by the high genetic drift south of the SLA where demography was dominated by past fragmentation (several rare haplotypes) and restricted gene flow ) over a deep history of isolation (0.3-1.4 MYA; Suárez et al. 2001; Weiss et al. 2000) . Finally, if populations south of the SLA had arrived recently, as a result of postglacial range expansion from the north (hypothesis I), we might expect them to vary from each other mostly in terms of the frequency of alleles common to the whole area and to display a paucity of private alleles as was observed in recent postglacially established bull trout populations (Costello et al. 2003) . By contrast, we observed high frequency or even fixation of several Str-591* rare alleles south of the SLA. As drift predominantly fix the most common alleles in ancestral populations, the tendency for locally rare alleles to be fixed in several isolated populations increases the probability that the area is composed of genetic lineages with distinct origins. This could have involved colonization from distinct subrefugia (Angers and Bernatchez 1998) or by successive waves of fish at different times (Latham 2001) .
Insights on the Evolution of Peripheral Populations
The persistence of populations in extreme environments requires ecological adaptation to varying environmental conditions. Although populations may fail to adapt and become locally extinct, the habitat patch may still be suitable for the species and be recolonized, allowing populations to persist through a metapopulation system with extinctionrecolonization dynamics (Hanski and Simberloff 1997) . Without empirical evidence of population turnover, however, fragmented and substructured populations are often mistaken for metapopulations. Anadromous brown trout populations in Denmark showed considerable temporal genetic stability over nearly a century (Hansen et al. 2002) , and similar results were observed in Atlantic salmon, Salmo salar . However, steelhead (Oncorhynchus mykiss) populations from geologically unstable regions showed a tendency toward more temporal genetic instability (Heath et al. 2002) . Likewise, brown trout inhabiting unstable environments on the island of Bornholm (Baltic Sea) showed temporal genetic instability, caused by a metapopulation system with small effective population sizes and occasionally extinctions that were counterbalanced by strong gene flow (Østergaard et al. 2003) . The high level of subdivision observed in our data indicates reduced gene flow and suggests that it is unlikely that brown trout from such populations would have a survival strategy similar to that observed in the Bornholm Island (Østergaard et al. 2003) .
The populations south of the SLA were highly differentiated, given the restricted size of the area, with low levels of heterozygosity and a pattern of southward allele depletion. Although the null hypothesis of regional equilibrium south of the SLA was rejected, a N e m value can be inferred because restricted gene flow and high genetic drift are strongly influencing population structure (Hutchison and Templeton 1999) . Our estimates of N e m 5 0.1 are extremely low relative to other studies (e.g., Bouza et al. 1999; Hansen et al. 1993; Riffle et al. 1995; all with N e m . 1), which suggests isolation for extensive periods of time. The substantial loss of allelic diversity south of the SLA is probably indicative of extensive bottleneck events and long time periods of reduced population sizes and isolation. The evidence of recent bottlenecks also suggests that small population sizes are an ongoing trend. Thus, our results support the hypothesis that brown trout persist over time at this Atlantic southern edge by adopting a remnant strategy. Further investigation on the spatiotemporal genetic structure of these populations would be needed to determine if they might also be enhanced through a metapopulation system.
In spite of the long-term persistence of brown trout in Atlantic Iberia, these historically small populations are threatened by several factors, including stochastic or catastrophic demographic events and ecological degradation. Given their genetic uniqueness, these populations are important for the long-term conservation of species diversity and warrant protection. In fact, species often persist on the periphery of their historical distributions even when populations at the core are extirpated (Channell and Lomolino 2000) . For organisms with highly fragmented populations, a bottom-up perspective that prioritizes populations, rather than large-scale units, can be more effective in preserving evolutionary diversity . Artificial gene flow, the common conservation strategy for rescuing genetically depauperate populations, may be unwarranted and detrimental to populations that historically have been peripheral (Hoffman and Blouin 2004; Sanz Ball-llosera et al. 2002) .
Conclusion
Although historical events (e.g., founder events and serial interglacial dispersal) undoubtedly play a large role in determining the broad-scale patterns of genetic diversity, contemporary factors may modulate historical patterns, at least on smaller scales (e.g., Angers et al. 1999; Castric et al. 2001; Costello et al. 2003 . Our data provide a quantitative example of (1) how regional equilibrium can vary noticeably within a relatively short spatial scale without necessarily being influenced by physical barriers precluding gene flow, but rather by critical ecological conditions, and (2) how these contemporary events can mitigate historical factors. A comparison of 42 Nearctic and Palearctic fish species showed a general trend of reduced genetic diversity with increasing latitude (Bernatchez and Wilson 1998) , in contrast with the unusual opposite pattern observed for Atlantic Iberian brown trout.
The genetic legacy of populations south of the SLA has been eroded as stressful ecological conditions reduced anadromy (gene flow) and the effective population sizes (García-Marín and Pla 1996; Hamilton et al. 1989) , which in combination decreased within-population genetic variation but increased among-population genetic variation. These peripheral populations seem to have adopted a remnant strategy, with a long-term persistence that predates those found northward. In contrast, populations north of the SLA, with milder ecological conditions, flourished and supplanted levels of gene diversity observed in the south. These results demonstrate the need for caution in interpreting the evolutionary history of populations from glacial refugia, where populations were able to subsist for long periods of time, often during periods of suboptimal conditions. Moreover, our study provides empirical evidence that peripheral populations may avoid the fate of extinction, which may have resulted from the purging of deleterious recessive alleles (Lande and Schemske 1985) or compensatory mutations ''freezing the mutation meltdown'' (Poon and Otto 2000) . Regardless of the mechanisms involved, more evolutionary studies are needed to better understand the long-term persistence and evolution of small peripheral populations. 
